Abstract Studies of metabolic variation in birds have involved both wild and captive individuals, but few studies have investigated whether captivity directly influences metabolic rates, despite such variation potentially confounding conclusions regarding how metabolic rates respond to the conditions under study. In addition, whether short-term captivity influences metabolic rate repeatability in birds is currently uninvestigated. In this study, we measured M sum (maximal cold-induced metabolic rates) in summer acclimatized American goldfinches Spinus tristis directly after capture from wild populations, after approximately 2 weeks of indoor captivity (Captive 1), and again after an additional 1-2 weeks of captivity (Captive 2). M sum increased significantly (16.9%) following the initial captive period, but remained stable thereafter. Body mass (M b ) also increased significantly (9.2%) during the initial captive period but remained stable thereafter, suggesting that muscle growth and/or remodeling of body composition produced the observed metabolic variation. M b and M sum were not significantly repeatable between wild and Captive 1 birds, but were significantly repeatable between Captive 1 and Captive 2 groups. These data suggest that caution must be exercised when extrapolating metabolic rates from short-term captive to wild populations. In addition, M sum was a repeatable trait for birds under conditions where mean metabolic rates remained stable, but M sum repeatability disappeared during acclimation to conditions promoting phenotypically flexible metabolic responses. This suggests that the capacity for phenotypic flexibility varies among individuals, and such variation could have fitness consequences [Current Zoology 59 (4): [439][440][441][442][443][444][445][446][447][448] 2013].
Interspecific comparative studies of basal metabolic rate (BMR, minimum maintenance metabolic rate) in birds demonstrate that allometric slopes in captive-born birds are shallower than those in wild birds (McKechnie et al., 2006) , suggesting that long-term captivity can influence avian metabolic rates. Nevertheless, the effects of short-term captivity on avian metabolic rates have received relatively little study. Most studies of the effects of changing energy demands under natural conditions on metabolic rates in birds use freshly captured individuals to avoid the potential confounding effects of captivity on metabolic rates, but whether this approach is actually necessary has not been validated. However, because captive conditions expose birds to a novel environment, such conditions may impact behavior and activity, which in turn, may influence metabolic rates. Aerobic metabolic rates, including both minimum (basal metabolic rate, BMR) and maximum (exercise-induced maximum metabolic rate, MMR, or cold-induced summit metabolic rate, M sum ) metabolic output, could conceivably increase, decrease or remain unchanged as a result of short-term captivity.
The mechanisms promoting elevated muscular aerobic capacity for both shivering and flight are similar (Dawson et al., 1983; Swanson, 2010) . Consequently, it might be expected that the reduced opportunity for flight in the captive flight cages, relative to natural conditions, would decrease both BMR and maximum metabolic output for both exercise and shivering. In addition, if birds are kept captive indoors at room temperature, these relatively benign thermal conditions should induce very little shivering thermogenesis. Thus, the limited opportunity for flight and the stable warm temperatures during captive conditions may act to reduce muscular activity associated with flight and shivering and thereby lead to reduced metabolic rates relative to wild birds, an hypothesis that we term the "couch potato" hypothesis.
Alternatively, short-term captivity may induce physiological changes stimulating energy mobilization and leading to increased metabolic rates, perhaps mediated through elevated baseline corticosterone (CORT) levels (e.g., Piersma et al., 2000; Dickens et al., 2009; de Bruijn and Romero, 2011) . We term this possibility the "captivity stress" hypothesis. High CORT levels typically favor catabolic over anabolic pathways and often peak just prior to engaging in energetically demanding processes, such as migratory flights (Piersma et al., 2000) . CORT does not appear to affect BMR directly in birds (Buttemer et al., 1991; Astheimer et al., 1992; Wikelski et al., 1999) , but CORT may stimulate thyroid hormone release and thyroid hormones, particularly triiodothyronine (T 3 ), increase BMR and muscle mitochondrial oxidation capacity in birds (Bishop et al., 1995; Liu et al., 2006) . T 3 levels may also peak just prior to migration, similar to CORT (Pant and Chandola-Saklani, 1993) . Vézina et al. (2011) suggest that T 3 may be involved in non-shivering thermogenesis contributions to thermogenic capacity in birds. Thus, if captivity alters the stress response, this could have cascading effects, potentially mediated through thyroid hormones, which lead to changes in body mass, body composition and metabolic output.
A few studies have examined the impact of captivity on BMR in birds. Weathers et al. (1983) compared BMR of freshly caught apapanes Himatione sanguinea with those from birds held as outdoor captives for one year. Captive apapanes were heavier (14.8% increase in body mass, M b ) and had higher per-bird (ml O 2 min -1 ) BMR (13.5%) than freshly caught birds, suggesting that metabolic differences were driven by differences in body mass. Similarly, merlins Falco columbarius rehabilitated from injury in outdoor flight cages, but still incapable of flight, showed higher BMR (29% for males, 18% for females) after 7 months to 3 years of captivity compared to freshly collected birds, although M b did not vary significantly with captivity (Warkentin and West, 1990) . In contrast, AL-Mansour (2005) found that sanderlings Calidris alba kept captive over two years showed reduced M b and BMR from year 1 to year 2. Laughing doves Streptopelia senegalensis transferred from large outdoor aviaries to small cages in constant environment rooms at 10, 22 and 35°C also showed reduced BMR at all temperatures during indoor captivity, but no significant variation in M b (McKechnie et al., 2007) . Considering that variation in captive housing conditions among these studies could also affect energetic demands, and, consequently, metabolic variation (McKechnie et al., 2007) , these studies offer no consistent support for any of the aforementioned hypotheses.
To our knowledge, only one previous study has examined the impact of captivity on summit metabolic rate (M sum ) in birds. Hill et al. (1993) Metabolic rates are generally considered to be integrative measures of animal energetics that have important fitness consequences (Nespolo and Franco, 2007; Chappell et al., 2011) . Metabolic rates in birds often vary with changing energy demands, both inter-and intra-specifically, in an apparently adaptive manner (McKechnie, 2008; McKechnie and Swanson, 2010; Swanson, 2010) . However, for natural selection to operate on metabolic variation among animals, metabolic rates in individual animals must be repeatable over time (Nespolo and Franco, 2007 ; but see Naya, 2010) . A number of studies have measured the repeatability of minimal and/or maximal metabolic outputs in birds and mammals (see Nespolo and Franco, 2007; Versteegh et al., 2008; Chappell et al., 2011 for reviews) and the general conclusion arising from these studies is that metabolic rates are typically (although not always) repeatable over the short-term, but that repeatability often declines over time. Most avian studies have tested metabolic repeatability in birds acclimated or acclimatized to similar conditions, but few studies have examined whether the repeatability of metabolic rates persists under conditions promoting phenotypically flexible metabolic responses. Chappell et al. (2011) found that maximum metabolic rates during exercise (MMR) in wild satin bowerbirds Ptilonorhynchus violaceus were repeatable for adult birds, but were not repeatable when comparing chicks to adults. Likewise, M sum for outdoor-captive northern bobwhite Colinus virginianus in South Dakota was not repeatable between summer and winter birds (Swanson and Weinacht, 1997) . Thus, repeatability of metabolic rates may disappear during conditions promoting phenotypically flexible metabolic responses in birds, but whether this represents a general pattern is unknown.
Our objective in the current study was to determine whether short-term indoor captivity (approximately 2-4 weeks) influenced M sum in American goldfinches Spinus tristis. In addition, we tested for repeatability of M sum in goldfinches from wild populations and those after an initial 2-week captive period and between birds after initial and final (1-2 additional weeks) captive periods.
Materials and Methods

Collection and captive housing
We captured male American goldfinches from wild populations by mist net near Vermillion, Clay County, South Dakota (approximately 43°N, 97°W) during summer months (June-August) in 2008 (n = 6), 2009 (n = 6) and 2011 (n = 10). Upon capture, we weighed birds to the nearest 0.1 g, measured tarsus length and unflattened wing chord to the nearest 0.5 mm, and scored visible fat on a scale of 0-5 (Helms and Drury 1960) . Following capture, we transported birds to the laboratory for measurement of summit metabolic rate on the day of capture and completed all metabolic measurements within 10 hours of capture. After metabolic measurements, we housed birds individually in 59 cm × 45 cm × 36 cm stainless-steel flight cages with ad libitum access to food (mixed wild finch mix, black oil sunflower seed and thistle seed) and vitamin-enriched (Wild Harvest Multi-Drops vitamin supplement for all birds, United Pet Group, Inc., Cincinnati, OH, USA) water. Captive housing conditions were 23°C (a temperature within the thermal neutral zone for both summer and winter goldfinches; Dawson and Carey, 1976) and 12L:12D for all experiments. Birds were kept in captivity for an initial period of approximately 2 weeks (Captive 1; range = 11-18 days), after which we again measured M b and M sum . Following this initial captivity period, we kept birds under the same captive conditions for another one (2008 and 2009) or two (2011) weeks (Captive 2). The Captive 2 group was part of a study designed to examine the potential effects of myostatin blockers on muscle growth and M sum . For the myostatin blocking study, we injected birds with either phosphate-buffered saline (PBS controls) or solubilized recombinant activin RIIB receptors derived from human (single doses of 7 mg/kg in 2008 and 14 mg/kg dose in 2009) or chicken (two injections of 20 mg/kg at one per week for two weeks in 2011). We measured M b , muscle size (by ultrasonography, Swanson and Merkord 2013) and M sum in these birds before injections and after 1 week in 2008 and 2009 and after 2 weeks in 2011 to determine changes in these factors as a result of injection treatment. The solubilized activin RIIB receptors have myostatin blocking activity for in vitro studies (Kim et al., 2012) and for in vivo studies in mice, resulting in muscle growth and enhanced performance (Lee et al., 2005) . However, we detected no significant differences in pre-and post-injection body mass (M b ), flight muscle size, or M sum between any of the activin receptor and PBS-treated goldfinches (all P-values > 0.198), indicating no significant effects of myostatin blockers on M b , muscle size, or M sum , so we pooled M sum values from all treatment groups for subsequent repeatability analyses between Captive 1 and Captive 2 groups. Not all Captive 1 birds were also tested as Captive 2 birds, so sample sizes differ among groups (Wild = 22, Captive 1 = 22, Captive 2 = 16).
Metabolic Rate Measurement
We measured M sum as oxygen consumption by opencircuit respirometry with an Ametek S-3A (Pittsburgh, PA, USA) oxygen analyzer. We constructed metabolic chambers from 1.9-L paint cans with the inside painted flat black to facilitate transfer of heat produced by the bird from the chamber. We immersed the metabolic chamber into a bath of water and ethylene glycol (Forma Scientific Model 2095; Marietta, OH, USA), which regulated chamber temperature to ± 0.2°C. For cold exposure treatments, we used a sliding exposure (Swanson et al., 1996) in a gas mixture of 79% helium/21% oxygen (helox), with the temperature at the beginning of the cold exposure ranging from 0 to 6°C, depending on body mass of the bird (lower temperatures for larger individuals). We held the bath temperature at the initial level for 20 min, after which we reduced the temperature approximately 3°C every 20 min until birds became hypothermic, indicated by a steady decline in oxygen consumption over several minutes. At the end of each test, we promptly removed birds from the chamber and recorded their body temperature and mass. We measured body temperature (T b ) with a Cole-Parmer Model 8500-40 Thermocouple Thermometer (Chicago, IL, USA) by inserting a lubricated 20-gauge copperconstantan thermocouple into the cloaca to a depth of approximately 1·cm. We considered birds with a T b < 37°C as hypothermic (Swanson et al., 1996) and all birds were hypothermic at the end of metabolic trials, verifying that M sum had been achieved.
We maintained flow rates of dry, CO 2 -free helox at 1010-1030 ml/min with a Cole Parmer (Chicago, IL, USA) Model FM082-03ST Precision rotameter calibrated to ± 1% accuracy with a soap bubble meter. We recorded oxygen content in excurrent air at 5 sec intervals (Datacan 5.0 data collection software, Sable Systems, Henderson, NV, USA) over the cold exposure period and calculated instantaneous oxygen consumption according to Bartholomew et al. (1981) using ExpeData 2.0 software (Sable Systems, Henderson, NV, USA). We excluded the first 8 min of recordings from oxygen consumption calculations to allow equilibrium oxygen content to be attained, after which we calculated running 5-min mean oxygen consumption over the period of the metabolic trial. We considered the highest 5-min running mean over the metabolic trial as M sum . We corrected all values for oxygen consumption to STPD.
Statistics
We first tested for between-year differences in M b and M sum with one-way ANOVA (or Kruskal-Wallis test if parametric assumptions were not met). Because year effects were not significant for M b for any group, were not significant for M sum for wild or Captive 1 birds, and were only marginally significant for Captive 2 birds (see Results), we pooled birds from all years for subsequent analyses of captivity effects. We compared M b and M sum between wild, Captive 1 and Captive 2 birds with one-way ANOVA (or Kruskal-Wallis test if parametric assumptions were not met). We used Tukey's (ANOVA) or Dunn's (Kruskal-Wallis) post hoc tests to identify significant differences detected by ANOVA or KruskalWallis tests.
Because body mass is a prominent effector of metabolic rates in birds (McKechnie and Swanson, 2010), we conducted allometric regression analyses of log 10 -transformed M b vs. log 10 -transformed M sum for both freshly captured and captive birds to account for potential effects of M b on M sum . We then calculated massindependent M sum residuals as deviations from allometric predictions for all groups. We tested for betweentreatment (wild vs. Captive 1 birds and Captive 1 vs. Captive 2 birds) repeatability of M b and M sum by calculating Pearson's correlation coefficients for raw values for M sum and M b and for mass-independent residuals from M sum allometric equations to determine if either M b or M sum were significantly repeatable during acclimation to indoor captive conditions. Nespolo and Franco (2007) , in their meta-analysis of metabolic rate repeatability studies, note that the Pearson productmoment correlation and the intraclass correlation coefficient (Lessells and Boag, 1987) have been used with approximately equal frequency to test repeatability. Nespolo and Franco (2007) further state that although the intraclass correlation coefficient can be computed from only two measurements, because it is calculated from ANOVA (which is typically used when comparing > 2 treatment groups) for practical reasons authors have focused on using the Pearson product-moment correlation when 2 measurements are available and the intraclass correlation coefficient when > 2 measurements are available. Because we measured repeatability between wild and captive birds and between Captive 1 and Captive 2 birds, only 2 measurements were available for our calculations, so we used the Pearson product-moment correlation method to calculate repeatability for M b and M sum . We also calculated repeatability for M b and M sum as the intraclass correlation coefficient (Lessells and Boag, 1987) . We calculated the intraclass correlation coefficients from the mean square values from a single-factor, within-group (repeated measures) analysis of variance (ANOVA), which treated measurement period as a fixed effect and individual as a random effect, i.e. the ICC(A,1) of McGraw and Wong (1996) . For each variable (M b and M sum ) we calculated three intraclass correlation coefficients, one each for pairwise comparisons of Wild vs. Capture 1 and Capture 1 vs. Capture 2, as well as for all three time periods (wild, capture 1, capture 2), using the icc function in the R package irr (Gamer, 2010) .
We present data as means ± SD. We conducted all statistical tests with Sigma Stat 3.5 (Systat, Point Richmond, CA, USA) or R statistical software (version 2.15.2, R Development Core Team). We considered P < 0.05 as significant for all statistical tests.
Results
Captivity Effects
We found no significant differences among years for M b (Wild: , n = 6; 2011: 4.70 ± 0.25 ml O 2 min -1 , n = 4) for Captive 2 birds (F 2,15 = 4.109, P = 0.041). M b increased significantly (9.2%; H 2 = 23.081, P < 0.001) between wild and Captive 1 birds, from 12.3 ± 0.4 g at capture to 13.5 ± 0.8 g after two weeks of captivity, but did not vary significantly between Captive 1 and Captive 2 (13.6 ± 1.0 g) birds. Similarly, M sum also increased significantly (16.9%; H 2 = 20.814, P < 0.001) from 4.18 ± 0.46 ml O 2 min -1 at capture to 4.89 ± 0.53 ml O 2 min -1 after the initial captive period, but did not change significantly between Captive 1 and Captive 2 (4.95 ± 0.44 ml O 2 min -1 ) birds. The mean change in M sum (18.4% ± 19.7%) between wild and Captive 1 birds was significantly greater (t 21 = 2.335, P = 0.030) than the mean change in M b (9.3% ± 6.2%), indicating that captivity influenced metabolic rate to a greater degree than M b . On an indi-vidual basis, 19 of 22 birds showed increases in M sum of varying magnitudes during the initial 2-week captivity period, but three birds showed lower M sum during this period, indicating variability in the metabolic response to captivity among individual goldfinches (Fig. 1) . Comparing Captive 1 and Captive 2 individuals, M sum increased in 9 birds, decreased in 3 birds, and differed by less than 2% for 4 birds (Fig. 1). 
Repeatability of M b and M sum
Log 10 -transformed M sum was not significantly correlated with log 10 -transformed M b for any group, although the correlation was nearly significant (r = 0.495, P = 0.051) for Captive 2 birds (Fig. 2 ). Consequently, we tested for M sum repeatability using both raw M sum values and mass-independent residuals from allometric equations. M b was not significantly repeatable between wild and Captive 1 birds, although the relationship approached significance (r = 0.377, P = 0.084), with heavier birds at capture tending to also be heavier after the captive period (Fig. 3a) . M sum was also not significantly repeatable between wild and Captive 1 birds, either for raw values (Fig. 3b) or for mass-independent residuals (Fig 3c) . In contrast, M b , M sum , and mass-independent M sum were all significantly repeatable between Captive 1 and Captive 2 birds (Fig. 4) , indicating that once body mass and metabolic rates had stabilized during captivity that these traits became repeatable.
Similarly, the intraclass correlation coefficient was not significantly different from zero (i.e., measurements were not repeatable) between wild and Captive 1 birds (Table 1) . However, both M b and M sum were significantly repeatable between Captive 1 and Captive 2 birds (Table 1) . When repeatability was calculated as the in- traclass correlation coefficient for all three measurements (wild, Captive 1, and Captive 2), M b was significantly repeatable, although repeatability was rather low (r = 0.348), but M sum was not significantly repeatable (Table 1) .
Discussion
Captivity effects
Summer acclimatized goldfinches in this study significantly increased M sum during two weeks of indoor The "All 3" column calculates repeatability among all three groups, the other columns between the two groups listed. Values are significantly repeatable when the 95% confidence intervals do not include zero.
captivity and maintained these elevated metabolic rates for an additional 1-2 weeks of captivity. This elevated M sum following short-term captivity is inconsistent with the couch potato hypothesis, but is consistent with the captivity stress hypothesis, whereby captivity results in physiological changes associated with the novel captive environment that increase metabolic output, perhaps mediated through altered secretion of corticosterone and/or thyroid hormones. Goldfinches in this study also showed an increase in M b following captivity, and while captive birds tended to be fatter than wild birds (pers. obs.), increases in lean mass, including mass of the flight muscles, also likely contributed to the increased M b . Because flight muscle hypertrophy is often associated with metabolic flexibility (Piersma et al., 1996; Vézina et al., 2006; Liknes and Swanson, 2011) and flight muscle mass is often positively correlated with aerobic capacity in birds (Chappell et al., 1999; Vézina et al., 2006) , such hypertrophy during captivity could help explain the captivity-induced elevation of M sum observed in this study. Long-term (months to years) captivity often (Weathers et al., 1983; Warkentin and West, 1990) , although not always (AL-Mansour, 2005) , induces increases in BMR in birds, whereas short-term (days to weeks) captivity may reduce BMR (McKechnie et al., 2007) . Captivity effects may also interact with body size, as McKechnie et al. (2006) documented higher BMR for small birds of captive versus wild origin, but a reversed trend for larger birds. These data suggest, at least for small birds, that captive conditions do not necessarily relax selection for high metabolic rates. However, these data have focused on BMR, rather than on aerobic capacity for exercise or shivering, so captivity effects on maximal metabolic output cannot be ascertained from these data. To our knowledge, only one previous study has examined the impact of short-term captivity on M sum in birds. Hill et al. (1993) found no effect of short-term outdoor captivity (11-18 days) on M sum for winteracclimatized black-capped chickadees from Michigan, suggesting little impact of captivity on M sum . However, these data apply to outdoor captives in a cold winter climate. In contrast, our study of indoor captive, summer-acclimatized goldfinches indicates that captive conditions can impact M sum in birds. More study is needed to ascertain the general effects of captivity on metabolic rates, particularly maximum metabolic output, and to determine how varying captive conditions impact metabolic rates in birds.
The 17% captivity-induced increase in M sum that we documented for goldfinches in this study is at the lower end of the range of phenotypic flexibility of M sum produced by winter acclimatization or the development of migratory disposition in birds (10% to 50% increases; Swanson, 2010) . For comparison, summer to winter variation in M sum for goldfinches from Michigan and South Dakota was 32% and 31%, respectively (Dawson and Carey, 1976; Liknes et al., 2002) . M sum for wild summer goldfinches in this study (4.18 ± 0.46 ml O 2 min -1 ) was similar to that documented in other studies (4.22 ± 0.30 ml O 2 min -1 in Michigan, Dawson and Carey, 1976; 4 .27 ± 0.56 ml O 2 min -1 in South Dakota, Liknes et al., 2002) , so the captivity-induced increase in M sum did not result from abnormally low M sum for birds in the current study. Thus, somewhat surprisingly, the benign captive conditions in our study generated metabolic variation approaching that produced under natural conditions promoting increased muscular aerobic capacity for prolonged shivering or endurance flight. Because M sum varied after short-term captivity in this study, these data strongly suggest that caution must be exercised when extrapolating metabolic values from captive to wild birds and reinforce the approach of measuring M sum as soon as possible after capture to avoid the potentially confounding influence of captive conditions on metabolic rates.
Repeatability of M b and M sum
Neither M b nor M sum were repeatable between wild and 2-week indoor captive goldfinches in this study, although M b did show a positive non-significant trend (P = 0.084) for repeatability calculated as the Pearson product-moment correlation. However, both M b and M sum were repeatable once mean values had stabilized after acclimation to captive conditions. This suggests that both traits are repeatable, but that exposure to conditions promoting phenotypic flexibility of metabolic rates may erode repeatability, especially for M sum .
BMR in birds is generally repeatable over both short (days to weeks) and long-term (months to years) periods in both captive and wild birds, but usually declines with time (Hõrak et al., 2002; Vézina and Williams, 2005) , but this generalization is not without exceptions. Tieleman et al. (2003) found that BMR in three lark species from semi-arid or arid environments (Alaemon alaudipes, Eremalauda dunni, Chersomanes albofasciata) was repeatable over three weeks, but BMR in two lark species from mesic habitats (Lullula arborea, Alauda arvensis) was not repeatable over this same time period, suggesting that BMR repeatability may be correlated with environmental variation. For captive zebra finches Taeniopygia guttata, resting metabolic rate (RMR) was repeatable and declined with time for non-breeding males and females, but RMR did not decline with time when measured solely for females during the egg laying stage (Vézina and Williams, 2005) , suggesting stronger repeatability during some stages of the annual cycle than others. In addition, Rønning et al. (2005) , in contrast to Vézina and Williams (2005) , found that repeatability of BMR for captive non-breeding zebra finches did not differ between short-term (5 days-1.5 months) and long-term (2.5 years) periods. Few studies have examined BMR repeatability in birds over time periods differing in environmental or ecological demands, but Bech et al. (1999) determined that BMR was repeatable in black-legged kittiwakes Rissa tridactyla between incubation and chick-rearing periods, despite a 10% decrease in BMR.
Fewer studies have examined repeatability of maximum metabolic output in birds, but those measuring MMR have demonstrated significant repeatability for this trait (Chappell et al., 1996; . Red junglefowl Gallus gallus exhibited significant repeatability of MMR for up to 180 days, although repeatability at 180 days was lower than that at 2 hours, 28 days and 56 days (Chappell et al., 1996) . MMR for wild satin bowerbirds in the period prior to the mating season was also significantly repeatable, both when tested within and between years (1 or 2 years following initial measurements), although between-year repeatability was lower than within-year repeatability (Chappell et al., 2011) . Vézina et al. (2006) found that raw M sum was significantly repeatable in captive red knots Calidris canutus measured in consecutive months, but that massindependent residual M sum was not repeatable, although a non-significant trend (P = 0.09) toward repeatability was present. In contrast, neither raw nor mass-independent M sum were repeatable between summer and winter for northern bobwhite despite significant repeatability of body mass over this same period and the absence of significant seasonal variation in mean M sum (Swanson and Weinacht, 1997) . In addition, Chappell et al. (1996) found that MMR in red junglefowl chicks was not repeatable in adults, suggesting that metabolic changes occurring during ontogeny reduce repeatability of metabolic rates.
A general trend emerging from these data is that longterm repeatability is lower than short-term repeatability. Metabolic rates, in general, are flexible traits that vary in response to a wide variety of environmental or ecological factors (McKechnie, 2008; McKechnie and Swanson, 2010; Swanson, 2010) , and Chappell et al. (2011) propose that one reason for the decline in metabolic rate repeatability over time is this flexibility. Our results are consistent with this idea, as M sum was not repeatable during the captivity-acclimation period, which resulted in flexible M sum , but was repeatable thereafter, once mean metabolic rates had stabilized. This high variability in M sum among individuals during acclimation suggests that the capacity for phenotypic flexibility of maximum metabolic output might itself be a trait that varies among individuals and, therefore, might have adaptive consequences and be subject to selection. High levels of phenotypic flexibility may be selectively advantageous in variable environments or for birds in which marked differences in energetic demands occur throughout the annual cycle (e.g., migrants), allowing birds to better match their physiology to current environmental or ecological demands. This relationship assumes a cost for the production and maintenance of flexible structures (Pigliucci, 2001) , and while the precise mechanistic basis for such a cost remains incompletely understood, it suggests that selection for individuals from stable environments or lifestyles would lead to a reduced capacity for phenotypic flexibility.
The influence of environmental variability on phenotypic flexibility of metabolic rates in birds is poorly understood, but some data suggest, at least for BMR, that metabolic flexibility is positively related to environmental variation (Tieleman et al., 2003; Cavieres and Sabat, 2008) . More research is needed to determine if this is a general pattern in birds that applies both to minimal and maximal metabolic output, or if flexibility in metabolic rates is a common feature to all birds, regardless of environmental or ecological variation. Collectively, these results suggest two potentially fruitful avenues for additional study: (1) documentation of the relationship between metabolic flexibility and heritability, and (2) assessment of the repeatability, heritability and fitness consequences of inter-individual variation in the capacity for phenotypic flexibility in response to changing environmental or ecological demands. lecting permits.
